Serum and tissue homogenates of lung and kidney from 264 mice, half of which had been exposed to continuous or intermittent nitrogen dioxide (NO3 at levels of 0.5 ppm, 0.6 ppm, and 0.8 ppm in three independent experiments, were assayed for intravenously introduced horseradish peroxidase (HRP), a molecular probe for protein leakage. Disc gel electrophoresis and enzyme kinetic assays were used independently to quantitate HRP content after 3 and 6 weeks of NO2 exposure, and at 5.5 hr after HRP injection. Of 6 test periods, 5 showed a greater lung HRP content for the NO, exposed animals by gel scan analysis, and 3 of the 5 increases were statistically significant (p < .05, p < .025, and p e .0025).
INTRODUCTION
N A previous report,(l) the lavage fluid of lungs from mice exposed to an ambient level of nitrogen
MATERIALS AND METHODS
The methodologies used for three independent studies were identical with the exception of level and type of NO, exposure, i.e., continuous 0.5 ppm NO, for the first experiment, and intermittent 0.8 ppm NO, and 0.6 ppm NO2 for the second and third experiments. The duration of exposure was the same for all experiments, i.e., each experiment was divided into 2 parts, a 3 week and a 6 week test period. There were 24 control and 24 exposed Swiss Webster male mice for each test period except for Experiment 1 at 6 weeks where half the numbers were used, as indicated in Table 1 .
For each experiment, a colony of 100 mice, equally divided into control and exposed groups, was housed in identical chambers. The details of the chambers and the NO, delivery method have been reported earlier. ( 6 ) In brief, the air was filtered by a combination of particle and pollutant absorbing (Purafil) filters, and NO, was applied to the air intake of the exposure chamber by a silicone drip method. The NO, content of both exposed and control chambers was monitored through the use of a frittered bubbler, Saltzman technique, with supplemental monitoring through the use of a calibrated chemiluminescent detector. The animals were fed a standard pellet chow and received water ad libitum. The animal weights were recorded at the beginning of each experiment and at the time of testing.
Following each exposure period and 14 hr after the final NO, exposure, the mice were weighed and given an intravenous injection of horseradish peroxidase, specifically 50 mg HRP Sigma Type Wml of basal salt solution (BSS) at 22"C, and 0.5 mg (0.01 ml) per g body weight, by means of a 1 ml syringe, a 27 gauge needle and a slow (30 sec.) infusion. The mice were returned to their respective cages without further NO, exposure. Twelve pairs (24) of animals were killed in sequence at precisely 5.5 hr after HRP injection by an intraperitoneal injection of 0.5 ml sodium pentobarbital. HRP injection and postinjection tissue processing required 4 hr each and 2 successive workdays. Immediately on opening the thoracic cavity, blood was collected from the jugular veins and spun down in a microfuge (Beckman) for 5 min. The serum was immediately placed in a deep freeze at -85°C. The right ventricle of the heart was perfused with BSS (22°C) until maximal blanching of the lung was achieved; generally no more than 20 ml BSS was used in a 1 min period.
Liver blanching was slight to moderate; kidney blanching was slight, The lungs were removed en bloc, placed on a BSS moistened gauze sponge, compressed gently 2-3 times by fingertip pressure to express BSS and residual blood, placed in a tared vial, weighed, frozen, and stored in a deep freeze at -85°C. An equivalent processing was carried out for the right kidney.
Frozen lung tissue was homogenized (Brinkman Polytron) in 2.0 ml of BSS (4°C) containing 10% isopropanol and lo-' M phenylmethylsulfonyl fluoride (an antiprotease). The homogenate was spun down in a Beckman 152 microfuge for 5 min. Duplicate 25 pl samples and a third 50 pl sample of the supernate were loaded on polyacrylamide gels. A portion of the supernate was used to determine protein content. 16) The electrophoresis apparatus was cooled by circulating cold ( 4 O C ) water and was run at 2-3 mA per gel for 3 hr.
The gels from the 25 pl samples were incubated in a benzidine dihydrochloride-guaiacol (BG) stain"' for 30 min in the dark at 25°C and were then fixed in 7% acetic acid. Immediate scanning was done on a Beckman Acta 3 spectrophotometer at 525 nM with a scanning speed of 1.5 c d m i n . The tracings were measured through the use of an integrating recorder with settings at 10 mV and 12,000 cpm, a chart speed of 4 c d m i n . and a span of 2 (Figure 1 ).
An enzyme kinetic assay(*) for lung HRP was carried out with the 50 pl gel sample by homogenizing a 1.5 cm portion of the gel which matched the HRP band of the BG stained gels run in parallel. The gel section was homogenized (Polytron) in 1 ml of distilled water and the homogenate spun at 1,000 rpm for 10 min in a refrigerated centrifuge (4°C). The samples were allowed to warm to room temperature (25°C) and were assayed by a modification of the o-dianisidine method.t9) A supernate sample of 0.1 ml was placed in a 1.4 ml glass cuvette (path length of 1 cm) and 0.9 ml of substrate (at 25OQ was added. Following immediate mixing, the rate of color development at 460 nM was recorded using a Gilford spectrophotometer with a recorder chart speed of two inches per minute, a span of The processing of kidney tissue was similar to that of the lung except that all three samples were 20 pl of homogenate with duplicates processed for PAGE, and the third used for the enzyme kinetic assay. Again, the gel section corresponding to the stained HRP bands was homogenized in 1.5 ml of distilled water for the enzyme kinetic assays.
The serum determinations were based on triplicate 1 pl samples, i.e., duplicates for each serum PAGE determination and a single gel for each serum kinetic enzyme assay. For the enzyme kinetic study, the appropriate gel section was homogenized in 1.5 ml of distilled water, as noted earliler for lung and kidney.
A standard curve was established for the HRP quantitation PAGE by loading ten serial dilutions of triplicate 50 pl samples ranging from .04 pGm to 1.5 pGm HRP (Figure 3 ). 
RESULTS
The total HRP content of homogenized lung tissue, i.e., the combined o! and band areas of the gel scans, was greater for the exposed animals with respect to 5 of 6 test periods (Tables 2,3 , and 4, and Figure 2) . Of the 5 increases in HRP content, 3 were at statistically significant levels by t test analysis, and 2 were significant by a nonparametric analysis (Mann-Whitney U tat). Of further interest, a t test restricted to those control and exposed animals in the upper quartile of their respective groups showed increases for the exposed animals that were statistically significant for 5 of the 6 test periods despite the reduction in sampling number. A Chi Square Upper Quartile analysis, with ranking of the pooled control and exposed animal data, demonstrated a dominance by the exposed animals in 5 of 6 test periods, but statistical significance was obtained for just 1 of the 5 periods, Experiment 3 (6 week test).
The foregoing results, based on PAGE separation and gel scan quantitation of lung HRP, were also obtained in part by enzyme kinetic assays. The latter were carried out for Experiments I and 2, but not Experiment 3, and were performed independently by another technician. As noted in Tables 2 and 3, 3 of the 4 kinetic assays indicated a 50% greater amount of HRP in the lungs of the exposed animals. However, variability in the data apparently obviated statistical significance for 2 test periods, with the 3 week test period of Experiment 1 being the exception (p < .025; Table 2 ).
A two factor analysis of variance (NO, exposure and time) showed statistically significant increases in lung HRP content with respect to NO2 exposure for 2 of the 3 experiments (1 at a borderline level of significance), as shown in Table 5 , Experiments 1 and 3). Time was also statistically significant, with 2 of 3 experiments at borderline levels, but the differences were not consistent (Figure 2) . However, the lung HRP content for the exposed animal group was greater at 6 weeks, compared to 3 (Figure 2) appear to be aberrant, or technically faulty, in that the values for both the control and exposed groups seem to be inordinately low at the &week test period. This was also a time when the control animals gained very little weight and the exposed animals actually lost weight ( Table 1 b ). The data of the six week period of Experiment 2 spoils an otherwise progressive increase in lung HRP gel scan areas with each succeeding experiment, as was shown with the three week data (Figure 2) . Table 6 is a summary of the HRP data for blood and kidneys. The kidney data were inconclusive. Experiment 2 resulted in greater amounts of HRP in the kidneys of the NO, exposed animals at the 3 and 6 week test periods, with the difference statistically significant at 6 weeks (p < .05 by both PAGE and enzyme kinetic assays), and of borderline significance at 3 weeks (p < .I by enzyme kinetic assay only). No other statistically significant differences were found. Blood HRP levels were measured by PAGE analysis only and, with one exception (Experiment 2 at 3 weeks, where X > C; p < .Ol), there were no statistically significant differences. The trend for a greater amount of HRP in the lung with each succeeding experiment (Figure 2 and Table 6 ) tended to parallel the use of larger animals (Table la) , and in part may reflect the higher dose of HRP given to the heavier animals. However, no consistent relationship was found between lung HRP levels and lung weightlbody weight ratios. Of interest, there was some suggestion that NO, exposure influenced lung weight/body weight ratios themselves, but again, consistent differences at statistically signifi- *The blood volume of a mouse lung is approximately 445 pl/g of Had the lungs not been cleared of blood by vascular perfusion (basal salt solution), the total HRP content of lung blood would have varied from 4% to 34% of total HRP lung content observed for the control group, and from 5% to 25% for the exposed group, with means of 17.8% and 14.8% respectively. Except for the 3 week test period of Experiment 2, where x > c Q p c .01, there were no significant differences in HRP blood content between groups.
?There was one statistically significant difference for kidney HRP content. For Experiment 2, there were 18 pairs of animals instead of 24 pairs (gel technical difficulty). Experiment 1: 0.5 ppm NO2 continuously for 3 and 6 weeks. Experiment 2: 0.8 ppm NOl 6 hr/day, 5 daydweek, and 3 weeks and 6 weeks. Experiment 3: 0.6 ppm NOl 6 hr/day, 5 daydweek, and 3 weeks and 6 weeks.
Note: The lung weights, as shown above, were consistently greater at 6 weeks compared to 3 weeks, indicating an age relationship. The kidney weights showed a similar trend. There were no statistically significant differences in lung or kidney weights between the control and exposed animal groups. cant levels were not found. The trend shown in Figure 2 may also reflect the different supplies of HRP used for each experiment, i.e., HRP reactivity can vary considerably despite essentially identical RZ numbers. With respect to trends for other measurements, there was only one that was consistent, namely kidney HRP levels for the NO2 exposed animals at the 6 week test periods of the 3 experiments, i.e., 3180,4090, and 6260 ( Table 6 ).
The HRP data analysis according to individual a and P bands indicated that each band contributed to the increases that were found in the lung, kidney, and blood. As shown in Figure 1 , the 01 band is dominant for the lung (-4:l) and is the faster moving of the two. For blood and kidney, the a/p ratios were 2 : l and 1:l respectively. Other isoenzymes of HRP were inconstantly found.
DISCUSSION
With 5 of 6 test periods in three independent experiments demonstrating a greater amount of HRP in the lungs of NO2 exposed animals, and with 3 of the 5 increases in lung HRP at statistically significant levels (Tables 2-4, and Figure 2) , the implication is strong that NO, exposure has in some way increased the plasma protein content of cells, tissues, and spaces of the lung. The ultrastructural studies that will be reported separately have shown HRP to be widely distributed in the lung at the 5.5 hr postinjection period, and to be mainly within basement membranes, interstitial tissues, and macrophages. The sites of accumulation are in accord with a number of short term tracer studies with HRP,".'O.") with the exception that relatively little HRP is evident in macrophages shortly after intravenous injection as opposed to heavy deposits at the 5-12 hr test period. Macrophages are a well recognized part of the lung clearance mechanism, and this includes proteinaceous fluid as well as foreign particles. Whether or not an NOt induced increased clearance by macrophages is playing a major role in elevating lung HRP content of the NO, exposed animals, i.e., increased numbers and/or increased phagocytic activity of macrophages, has not been examined. A large increase in macrophage numbers in response to NO1 exposure seems unlikely in view of Myrvik's report that a close correlation exists between lung weight and macrophage numbers in studies of BCG challenge. (I2) As Table 6 points out, there were no statistically significant differences in lung weights, and where there were significant differences in lung HRP content, the lungs of the exposed animals were actually lower in weight, i.e., Experiments 1 and 2 at 3 weeks. and Experiment 3 at 6 weeks. Moreover, an apparent increase in macrophage numbers has so far been noted only with relatively high NO, l e v e l~. (~~.~' ' It also seems unlikely that an increased phagocytic activity of macrophages has elevated lung HRP content since NOt exposure has been reported to inhibit macrophage phagocytosis. i1'.16) Since the pulmonary artery had been perfused with salt solution, HRP phagocytosis by neutrophils in the circulating blood is believed to contribute very little, if any, to lung HRP content. An alteration in the distribution of plasma protein in the tissues and spaces of the lung is supported by earlier analyses of lavage fluid(l,17) and labeled plasma proteins entering the pulmonary circulation. (2) In addition, studies of NO, at levels as low as 0.34 ppm(1a.19) have shown statistically significant increases in the Type 2 cell population of the lung, and the increase is putatively the result of damage and/or loss of the Type 1 cell population.(lO.lll The findings of the present study further implicate Type 1 cell alteration as a consequence of low level NO, exposure, namely it is the tight junction of the Type 1 cell that is largely responsible for blocking intraalveolar leakage of HRP that has reached the interstices and epithelial basement membranes. Germanely, disruption of the intercellular tight junctions of tracheal epithelium by cigarette smoke(111 and by anesthetic has been shown to increase HRP permeability. Of course, other factors may also be involved such as increased pinocytosis of apparently intact Type 1 cells. (24) Also, a backflow leakage of proteins into the alveoli from distal bronchial structures may occur along with alterations at the alveolar 1eve1i23.26) including endothelial damage.
The likelihood of a Type 2-Type 1 cell population shift occurring at the levels of NO, exposure used also provides a reasonable basis for speculation concerning the disparities of the 3 week and 6 week finding, i.e.. increases in lung HRP content at 3 weeks for Experiments 1 and 2, but no statistically significant increase at 6 weeks, and the converse for Experiment 3 (Tables 2-4, and Figure 2 ). For Experiments 1 and 2 (Tables 2 and 3) , presumed Type 1 cell damage that occurred at three weeks, with an associated increase in lung HRP content, may have been partially compensated at 6 weeks by a reparative proliferation of Type 2 cells. For Experiment 3 ( Table 4) , where lung HRP content was increased for the exposed animals at both 3 and 6 weeks (albeit at a statistically significant level only at 6 weeks), lung damage may have been slowly progressive and repair by Type 2 cells delayed due to the older age of the animals ( Table 1 ; weight) and possibly a lower dosage of NO,, i.e., intermittent 0.6 ppm ( Table 1) . With respect to dosage of NO,, no conclusions can be made concerning the relative effect of continuous versus intermittent exposure. Of interest, a recent study has indicated that intermittent exposure to NO, may be more toxic than continuous exposure when short term peaks are Also pertinent is a report that a reversal of NO, effects on the spleen occurs with time, i.e., enlargement of both red and white pulp of the spleen after 6 weeks of NO, exposure and a decrease of both constituents below control levels by 12 weeks.',') Improvements in the methodology may afford less data variation and greater sensitivity. Clementic3)
. states that Sigma Type I1 HRP may not be as active nor as homogeneous as the Worthington product, and Sigma offers a Type VI that is more active and restricted to two basic isoenzymes. An automated injection apparatus to control HRP injection time and pressure may be helpful. Moreover, an optimal injection volume and dosage of HRP has not yet been established. In the present study, the mean volume of the injection fluid was 13.3% of blood volume, i.e., at .01 ml/g body weight of injection fluid and an assumed blood volume of -7.5 ml for the mouse. (28) S~hneeberger(*~) recommends a 3% ratio and has suggested that capillary endothelial pores may be "stretched" at 30% fluid/blood volume ratios, permitting HRP permeation. Further, Clementi states that a high dosage of HRP can also lead to increased capillary permeability.(') However, permeability is relative rather than absolute, i.e., the use of physiological methods for collecting and measuring transported HRP has shown HRP permeation of the capillary wall under physiological conditions, in contrast to the less sensitive electron microscopic studies.(l0) Lastly, measuring trapped blood (30) may improve HRP determinations since a few gels contained a faint hemoglobin band. Tests for endogenous peroxidase(") were negative.
While the findings with the HRP probe suggest that NO, exposure increases the plasma protein content of the mouse lung, further studies are needed to establish the health significance of the increase. An analogous situation is an increased protein content of the urine where the proteinuria is often an early sign of renal disease but can reflect a relatively benign pathophysiologic abnormality.
With respect to the lung, a key question about the present findings is the role of Type 1 cell damage and/or loss in the occurrence of the putative increased protein content. Type 1 cell damage is now recognized as one of the adverse health effects of ambient levels of N01(1a~20~z1J and, as mentioned earlier, the Type 1 cell is a critical factor in preventing the leakage of plasma protein into the alveolar spaces. Should there be protein leakage because of Type 1 cell damage, and should the damage be irreversible, the present findings would at the very least imply some depletion in the structural and functional reserves of the lung. Germanely, this kind of subtle loss of reserves can cumulatively lead to overt and clinically serious lung disease. In fact, the covert loss of alveolar cells and ultimately their supporting tissues is characteristic for the emphysematous diseases. Of special relevance to air quality evaluation, emphysema is present in more than trace amounts in the majority of adult human l~n g s , (~~J and the patient who first comes to clinical attention with emphysematous disease has generally lost at least 50% of lung structure and associated function, with most of the destruction being irreversible. It should be further emphasized that protein leakage in the lung and Type 1 cell damage (with an associated Type 2 cell hyperplasia) are early findings and common denominators for a great many diverse and destructive lung diseases.
